This chapter studies the feasibility of magnetic resonance power transmission to mobile objects mainly focusing on the resonator quality factor and impedance matching control systems. Transmission efficiency reaches a reasonably high level when the transmitting and receiving resonators satisfy two conditions. The first is to have high quality factors. The second is to tune and match the impedance to the transmission distances. The second section explains the theoretical grounds for these conditions. The third section describes a developed wireless power transmission system prototype which was made compact and tunable to be applied to mobile objects. The later sections evaluate the quality factor and the impedance matching of the prototype.
Introduction
Takashi KOMARU Masayoshi KOIZUMI Kimiya KOMURASAKI Takayuki Since the source frequency is often set to a high value of about 10 MHz, the concepts of incident wave, reflected wave and transmitted wave should be introduced 4) . As Fig. 1(c) shows, the coupled resonators inserted between the source and the load can be considered as a two-port network unit.
This unit receives incident waves from the source. At the same time, it produces reflected waves to the source and transmitted waves to the load. Voltage Vi, Vr and Vt represent the amplitude of each wave respectively. And they are expressed by the properties of the circuit model as per (2).
The power of each wave is as per (3).
Then the transmission efficiency is defined as the ratio of transmitted wave power and incident wave power.
The reflection efficiency is also defined as the ratio of reflected wave power and incident wave power.
Equation (4) is the fundamental definition of efficiency.
However, in some cases such as low frequency operations, the power source can reuse the reflected wave. Then the transmission efficiency becomes η' = η/(1− ηr), which is equal to the efficiency derived from a simple AC circuit calculation as per (6). Note that θ represents the phase difference between Vsrc and Isrc.
Analysisoftransmissionefficiency
The following non-dimensional parameters are useful when considering the transmission efficiency analytically.
・ Quality factor QS = ω0LS/RS and QD = ω0LD/RD ・ Impedance ratio rs = Z0src/Rs and rD = Z0ld/RD （a）Image of the basic system Efficiency η' is also expressed by the non-dimensional parameters.
In the ω−rS−rD domain, η has its maximum value (9) at (10).
The physical meaning of (10) is the impedance matching condition. In the case rS = rD, η in the ω−rS−rD domain becomes visible as the surface in Fig.2 , which clearly shows the existence of a maximum point. It is not easy to prove directly from (7) that (9) is exactly the maximum. However, there is a simple and strict proof via analysis at (8).
The equality in (11) and (12) is approved when ω = ω0 and
respectively. These directly mean the maximum of η' is η'max = ηmax at ω = ω0 and rD = (1 + k 2 QSQD) 1/2 . Besides η ≤ η' because η' ≤ η/(1 − ηr) and 0 ≤ ηr ≤ 1. Thus the maximum value of (7) is proved to be (9) as per (13) .
Equation formula (9) depends only on one term k(QSQD)
and draws a simple curve as shown in Fig.3 .
Here the principles for efficient power transmission are derived without referring to the coupled-mode theory.
・k(QSQD)
1/2 is defined as figure-of-merit (fom). . Meanwhile in the mid-range, the transmission distance is equal to or greater than the size of resonators and k becomes a very low value of 10 2 or lower
(10) There are three schemes considered for the impedance matching control : two-sided, one-sided and no control. In the two-sided control scheme, both the transmitter and the receiver take the optimum impedance ratios. In the onesided control scheme, either the transmitter or the receiver takes the optimum one and the other takes a fixed one. In the no control scheme, both the transmitter and the receiver take fixed ones. The theoretical efficiencies with these control schemes are expressed as follows :
Note that η2, η1 and η0 represent the efficiency with twosided, one-sided and no control scheme respectively.
Equation 15 assumes that the transmitter has the optimized
impedance ratio and the receiver has the fixed one. When the transmitter has the fixed one and the receiver has the optimized one in reverse, rD and rS switch positions with each other. The no control efficiency η0 is derived from η in (7) by substituting ω with ω0. The one-sided control efficiency η1 is derived from the partial differential analysis of η0 as follows.
Efficiency η1 is equal to η' in (8) with ω = ω0. This means the reuse of the reflected power by the power source is equal 
to the optimization of the transmitter impedance ratio. The two-sided control efficiency η2 is exactly the same as ηmax.
The characteristics of the transmission efficiencies for the two-sided, one-sided and no control are visualized by Fig.5 .
Generally, two-sided control always takes the maximum efficiency, while it will take more hardware and software cost for the control system. No control will only need a simple and low-cost system in exchange for efficiency at various transmission distances. One-sided control has the middle characteristics.
Efficient mid-range wireless power transmission with magnetic resonance needs a high quality factor resonator and impedance matching system. Mobile object applications need compact and tunable transmitters and receivers. We developed an experimental transmitter and receiver system that satisfy those conditions as shown in . The other widely considered type is a coil with a single turn and a lumped capacitor. In this study, we call this type "loop with capacitor" and analyze it as a primary model of the resonator.
Theoreticalcalculation
An exact calculation of quality factors is indispensable to design and evaluate the wireless power transmission system with magnetic resonance. As stated in the previous section, a resonator is equivalent to a series LCR element and quality factor Q is generally derived as the ratio of resonant fre-
resistance R of a resonator.
Of these properties, resistance is the most difficult to calculate regarding its realizable value. The predictions in most conventional research only take account of two types of resistance : radiation and ohmic resistance. This chapter also calculates capacitor resistance to predict the quality factor precisely. Then the properties to be calculated are resonant frequency, self-inductance, radiation resistance ohmic resistance and capacitor resistance. The first four properties are calculated by the theoretical equations derived from the electromagnetism. The other capacitor resistance is estimated by using the measured specification data of a capacitor element.
The total length of the resonator wire is about 0.8m and is far smaller than the wavelength of about 30m in the supposed frequency band. Thus the current distribution on the wire is approximated to be uniform hereinafter.
For a rectangle loop with a side length ℓx, ℓy and a wire radius a, the self-inductance is expressed as (19) 5) .
Substituting ℓx and ℓy with ℓ leads to
The uniform current distribution means zero electrical charge density at every point on the wire. Therefore the resonator capacitance originates just from the lumped capacitor. Then the resonant frequency is
The resonator is approximated as a small current loop, which is theoretically equal to a small magnetic dipole as in tion. This chapter considers a sliding pickup loop system as a simple and compact transmitter and receiver prototype.
Basicsofimpedancematchingwithpickuploop
Impedance transformation is explained as follows. The 
Mutualinductancebetweensquareloops
For coupling of square loop wires, the theoretical formula of mutual inductance is derived from the Neumann formula (38), which expresses the mutual inductance of coupled circuits s1 and s2 in free space, as illustrated in Fig.11(a) .
Then the mutual inductance between two parallel wires of finite line, as shown in Fig. 11(b) , is derived by using the
Neumann formula as
The abbreviation m || is defined as
Now consider the couple of parallel square loop illustrated in Fig.11(c) . Hence the mutual inductance of the square loops is derived as Note that the abbreviation is defined as
Experimentalmeasurements
The measured wireless power transmission efficiencies with the three types of impedance ratio control are shown in Fig.12 .
The theoretical curves are derived by using the measured coupling coefficient, quality factors and the theoretical formulas 14） -16） . Note that the frequency of the power source is ,13.44 MHz, which is the average of the resonant frequency of the transmitting and receiving resonator. This chapter studied the feasibility of wireless power transmission with magnetic resonance to mobile objects.
The theory of magnetic resonance was analyzed not with the coupled-mode theory but with the electrical engineering theory to emphasize the essential elements of magnetic resonance : high quality factor resonator and impedance matching system. The theory also derives the three schemes of impedance matching control. Two-sided control produces the maximum efficiency while it would require higher hardware and software costs. No control will only need a simple and low-cost system in exchange for efficiency at various transmission distances. One-sided control has middle characteristics between the first two. 
Conclusions
A transmitter and receiver system prototype was developed to verify the theory and to discuss the realizable performance of a compactly-implemented resonator and impedance matching system. The resonator was a loop with capacitor type resonator and the impedance matching system was a sliding pickup loop system.
Evaluation of the resonator quality factor showed the loop with capacitor type resonator had a higher quality factor than the other compactly-shaped dense coil type resonator.
And it was proven that the quality factor depends not only on radiation and ohmic loss but also on capacitor loss. 
